Urchin structured nickel fine particles were successfully obtained by the hydrazine reduction of NiCl 2 ·6H 2 O in ethanol. The particle structures, particularly the aspect ratios of the nickel nanoneedles on the surface, were controlled by changing the sequence of the addition of hydrazine and sodium hydroxide. These particles were not stabilized by organic compounds. In situ TEM observations at high temperatures revealed that the obtained fine particles began to deform at 350°C.
Introduction
Metal nanoparticles have been widely applied as materials for electronic parts, optical materials, catalysts, and magnetic sensors because of their size-dependent specific properties, which differ from the corresponding properties of the bulk material. 14) In particular, anisotropic nanoparticles, such as rods (one-dimensional), plates (two-dimensional), and polyhedral (three-dimensional), have received extensive attention by engineers and researchers because of their unique properties that differ from those of spherical nanoparticles.
Magnetic nanoparticles, including Fe, Co, and Ni exhibit various magnetic and frequency properties in response to microwaves. These properties are controlled by their sizes and structural parameters, such as their aspect ratios. Nonspherical nanoparticles and nanowires of such magnetic materials have attracted substantial attention of researchers. 46 ) Among these materials, nickel exhibits high resistance to oxidation and numerous reports on the chemical preparation of non-spherical nickel nanoparticles have been previously published.
710) For instance, Liu et al. prepared Ni microparticles using a cationic surfactant, CTAB (hexadecyltrimethylammonium bromide), as a stabilizer. 7) Ma et al. used PVP (poly(N-vinyl-2-pyrrolidone)) as a stabilizer and prepared Ni particles with urchin type structure. 8) Zhu et al. prepared Ni paticles with urchin type structure by using ethylenediamine as a chelating agent. 10) Substantial attention has also been devoted to in situ TEM (transmission electron microscopic) observations at high temperatures in response to the need to evaluate and analyze nanomaterials in an atmosphere simulating the real environment. Several reports on in situ observations of metal nanoparticles at high temperatures have already been published. 1116) In situ TEM observations of anisotropic metal nanoparticles have also been reported. For example, Khalavka et al. performed in situ TEM observations of Au and Ag nanorods stabilized by CTAB. 14) We have also reported in situ TEM observations of the structural changes of poly(acrylic acid)-stabilized Konpeito-type structured Pt nanoparticles at high temperatures. 15) In many cases, the structures of anisotropically shaped metal nanoparticles are controlled via the adsorption of polymers or surfactants onto specific crystal surfaces or via the control of the reduction rate by chelate compounds. 8, 10) Therefore, the surface of the obtained metal nanoparticles is extensively covered by such organic molecules. When these particles are heated in a TEM column under high vacuum conditions, organic molecules or polymers on the particle surfaces are carbonized, and the particles are then covered by the carbon layer. This carbon layer strongly affects the structural changes of metal cores at high temperatures. The introduction of oxygen gas into the TEM column is quite effective in eliminating these carbon layers. However, the copper fine particles investigated in our previous study exhibited surface oxidation at 140°C in the presence of oxygen gas under vacuum of 4.0 © 10 ¹3 Pa in the TEM column. 16) This indicates that the observation of the structural changes occurring in fine particles and nanoparticles of fourth period transition metal elements at high temperatures with organic molecules eliminated form the particle surfaces and without surface oxidation is difficult.
Therefore, in this study, we prepared urchin structured nickel fine particles by hydrazine reduction in ethanol, without any organic molecules or chelate compounds, in order to obtain anisotropic transition metal fine particles that can be observed in situ by TEM at high temperatures. We observed their structural changes in situ by TEM at high temperatures, both with and without the introduction of oxygen gas.
Experimental Procedure

Materials
Nickel chloride (NiCl 2 ·6H 2 O), hydrazine monohydrate (N 2 H 4 ·H 2 O), and sodium hydroxide (NaOH) were purchased from Wako Chemical, Japan. Ethanol (99.5%, GR) and all other reagents were used as received. Water was purified with an Organo/ELGA Puralab. System (>18 M³). 
Preparation of nickel fine particles
The methods used to prepare nickel fine particles are described below (Fig. 1 ).
Route A: Initially, we introduced 20 mL of ethanol containing 9.4 g of NiCl 2 ·6H 2 O (3.44 © 10 ¹2 mol) into a 300-mL round-bottom flask. Next, we introduced 4.2 g of NaOH pellets to this solution and dissolved it completely under ambient atmosphere. Then, 100 mL of ethanol was added to this mixed solution, and the resulting mixture was heated and refluxed in an oil bath. Subsequently, 35 mL of hydrazine monohydrate (N 2 H 4 ·H 2 O, 7.20 © 10 ¹1 mol) was injected into this solution with keeping refluxing. The color of the solution changed from green to black, and black precipitates were generated. This product is hereafter referred to as Sample A.
Route B: In a 300-mL round-bottom flask, 9.4 g of NiCl 2 ·6H 2 O (3.44 © 10 ¹2 mol) was completely dissolved in 20 mL of ethanol. Then, a mixed solution of 8.6 mL of hydrazine monohydrate (1.77 © 10 ¹1 mol) and 1.4 mL of ethanol was injected into the flask. Subsequently, the mixed solution was stirred at room temperature for 2 h. The color of the solution changed from green to purple during stirring. The resulting solution was then heated in an oil bath and refluxed for 15 min. Then, 4.2 g of NaOH and 100 mL of ethanol were introduced into the heated flask with refluxing. The color of the solution changed from purple to black and black precipitates were obtained. This material is hereafter referred to as Sample B.
The both precipitates (Samples A and B) were collected by filtration and washed with ethanol. The powders were then dried under vacuum.
Characterization
SEM (scanning electron microscopic) and TEM images of the nickel fine particles were obtained with a JEOL JSM-7401F and a Hitachi H-9500 (acceleration voltage: 300 kV), respectively.
In situ heating TEM observations of the nickel fine particles were demonstrated as described previously. 13, 16) Briefly, the sample particles were put on a Pt(70%)-Ir(30%) filament, which was mounted to a heating TEM holder with a gas injection nozzle located near the sample area. The filament was heated by a DC current generated by dry cells. The images were recorded through a CCD camera with an NTST frame rate of 29.97 fps. The filament temperature was fixed by the current value, which was calibrated by the melting points of antimony and silver powders. Oxygen gas can be introduced from a cylinder into the TEM column via a small pipe near the sample with a regulated pressure. The vacuum of the TEM column was maintained at 4.0 © 10 ¹3 Pa or 3.5 © 10 ¹5 Pa with and without oxygen gas introduction, respectively.
Results and Discussions
In Fig. 2 , SEM and TEM images the obtained nickel samples are collected. The particles in Sample A consisted of spherical nickel cores with a diameter of 300500 nm, and numerous needle like crystals (nanoneedles) were protruding from their surfaces. The particles of Sample A exhibited an urthin type structure (Figs. 2(a) and 2(c) ). On the other hand, the particles in Sample B consisted of smaller spherical nickel cores with the dimaters less than 100 nm and surrounding nanoneedles with lengths of 200500 nm; thus these nanoneedles are much larger than those on the particles of Sample A (Figs. 2(b) and 2(d)) .
The difference between the structures of these two samples can be attributed to the difference in the reduction reactions of nickel cations (Ni 2+ ). Equation (1) shows the reduction of Ni 2+ by hydrazine.
In both the preparation procedures (Routes A and B), a large excess amount of hydrazine was introduced into the reaction flasks. In Route A, NaOH was first introduced to make the reaction solution alkaline. Therefore, NiCl 2 was changed to Ni(OH) 2 in the solution. The ethanol solution was subsequently heated to its boiling point (78.4°C), and hydrazine monohydrate was introduced into this boiling solution. Thus, the reduction of Ni(OH) 2 suddenly proceeded and resulted in the production of nickel nuclei, which grew expeditiously. Therefore, most of the Ni 2+ in the reaction solution was consumed during the growth of spherical nickel cores instead of during the attack of hydrazine molecules at the surface of nickel cores to grow nanoneedles. Thus, the resulting nanoneedles were very short and small. In Route B, hydrazine monohydrate was introduced first, and the color of the solution changed to purple, because of the formation of Ni(N 2 H 4 ) 3 2+ complex. 9) After the formation of this complex, NaOH was added into the reaction solution. Under alkaline conditions, N 2 H 4 effectively reduces Ni 2+ to metallic nickel atoms. In this case, hydrazine molecules surrounding the nickel atoms can impede the growth of the specific surface of nickel metal. Thus, nickel nanoneedles with high aspect ratios were obtained via Route B. Figure 3 shows high resolution TEM images of the top of the nickel nanoneedles of Sample B. At their top, an arrow like structure with a convex shape is observed, where the fringe spacing is 0.204 nm, corresponding to the metallic Ni{111} surface. This result indicates that these nanoneedles consisted of metallic nickel that was free of surface oxidation. From these results, we conclude that anisotropic metallic nickel fine particles with urchin type structures can be obtained without using any polymers, surfactants, or chelating agents. The order of the introduction of hydrazine and NaOH can be used to control the aspect ratios of the nickel nanoneedles on the particle surfaces.
In situ TEM observations of Sample B with the nanoneedles with a higher aspect ratio were performed. Oxygen gas was introduced into the TEM column via a small pipe near the sample, and the vacuum of the TEM column was maintained at 4.0 © 10 ¹3 Pa. Oxygen partial pressure near the sample should be ca. 10 ¹1 Pa. 17) Figure 4 presents the TEM images of Sample B obtained via in situ observations at high temperatures. From RT to 300°C, no obvious structural changes of the nanoneedles were observed (Figs. 4(a) and  4(b) ). When the temperature was elevated to 350°C, a small degree of roughness was generated on the surface of the nanoneedles (Fig. 4(c) ). When the temperature was elevated to 400°C, the structural collapse of the nanoneedles was observed and the particles had no trace of their original form (Fig. 4(d) ). We assumed that these structural changes were caused by the oxidation of nickel metal by the oxygen gas.
In situ TEM observations of the structural changes of nickel fine particles were also performed without the introduction of oxygen gas (vacuum of the TEM column was 3.5 © 10 ¹5 Pa). Figure 5 shows the obtained TEM images. From RT to 300°C, no obvious structural changes of the nanoneedles were observed (Figs. 5(a), 5(b), and 5(d) ). When the temperature was elevated to 350°C, a small degree of roughness was observed on the top surface of the nanoneedles (Fig. 5(c) ), and the top area began to change into a round shape (Fig. 5(e) ). In previous investigations, we had performed in situ TEM observations of various fine particles and nanoparticles with some organic stabilizing molecules or polymer stabilizers on their surface. In such cases, organic stabilizers were carbonized at a high temperature in the TEM column under high vacuum conditions, and the carbon layers covered the particle surfaces.
1316) The carbon layers attached strongly to the particle surfaces and were stable against high temperatures. They prevented the structural changes of the metal particles at high temperatures. When the temperature exceeds the decomposition temperature of this carbon layer, metal particles suddenly evaporate or sublimate. The introduction of oxygen gas is indispensable for eliminating of organic molecules or polymer layers on the particle surfaces at lower temperatures. Carbon layers on the surface have already been reported to prevent the structural changes of fine particles and nanoparticles of metals whose melting temperatures are lower than that of nickel, such as gold, silver, and copper. 13, 14) However, the urchin type nickel fine particles with the nanoneedles prepared in this study were synthesized in the absence of organic stabilizing molecules, and thus, no carbon layer was formed on the particle surfaces at high temperatures. Therefore, the structural changes of these nickel fine particles at high temperatures can be observed by in situ TEM without the introduction of oxygen gas. Unlike noble metals such as gold or platinum, nanoparticles of the early transition metals can be readily oxidized with the introduction of oxygen gas at high temperatures. The structural changes are affected by the formation of metal oxides. Our urchin structured nickel fine particles were good candidates for observing the structural changes of anisotropic metallic nickel with a high aspect ratio in the metallic state.
Conclusion
Two types of urchin structured nickel fine particles were successfully prepared without the use of any organic stabilizing agents or chelating compounds. By changing the injection order of hydrazine and sodium hydroxide, we controlled the reduction rate of nickel cations (Ni 2+ ) and thereby controlled the aspect ratios of the nickel nanoneedles on the surface of the nickel urchin structures. In situ TEM observations of these obtained nickel fine particles were conducted. When oxygen gas was introduced, the particles began to oxidize at 350°C. However, even without the introduction of oxygen gas, these particles changed their form at temperatures as low as 350°C because the surfaces of the particles were free of attached organic molecules on the surface. No carbon layer was generated on the particle surfaces at high temperatures. In conclusion, the structural changes of anisotropic light-transition-metal particles were observed by in situ TEM at high temperatures without the introduction of oxygen gas when no organic molecules are adsorbed onto the particle surfaces. These observations are possible because carbonized layers, which prevent the structural changes even at high temperatures, are not generated on the particle surfaces.
